Rare and ecologically specialized species are at greater risk of extinction. Rarity in terms of low 22 genotypic diversity may be obscured in sessile foundation species that can reproduce asexually. 23
Abstract 21
Rare and ecologically specialized species are at greater risk of extinction. Rarity in terms of low 22 genotypic diversity may be obscured in sessile foundation species that can reproduce asexually. 23
Asexual propagules are often only distinguishable from sexual recruits through molecular tools. 24
Thus, molecular markers are necessary to assess genotypic variation and population structure in 25 clonal organisms such as corals. The global decline of corals has necessitated marker 26 development for improved conservation of rare coral species. We infer past demographic 27 changes, describe modern population structure, and quantify asexual reproduction of the 28 uncommon Caribbean pillar coral, Dendrogyra cylindrus and its endosymbiotic dinoflagellate, 29
Symbiodinium dendrogyrum using de novo microsatellite markers. Results show that D. 30 cylindrus comprises three distinct populations in the Caribbean whereas the symbiont was 31 differentiated into four populations. Thus, barriers to gene flow differ between host and 32 symbiont. In Florida, host and symbiont reproduced mainly asexually, yielding lower genotypic 33 diversity than predicted from census size. Models of past demographic events revealed no 34 evidence of historical changes in population size, consistent with the geological record of D. 35 cylindrus indicating it has been rare for hundreds of thousands of years. The most recent global 36 thermal stress event triggered a severe disease outbreak among D. cylindrus in Florida, resulting 37 in a precipitous population decline. Projections indicate a high likelihood that this species may 38 become locally extinct within the coming decades. The ecosystem consequences of losing rare 39 Introduction 43 Ecologically rare species are predicted to be more vulnerable to environmental change 44 and are at greater risks of extinction with shifts in climate (Caughley, 1994; Davies et al., 2004; 45 McKinney, 1997) . Species are rare because they may inhabit narrow geographic ranges, occupy 46 few specific habitats, and/or exhibit low abundance in nature (Rabinowitz, 1981) . It is sometimes 47 presumed that rare species tend to be competitively inferior, although work on sparse and 48 common grasses does not support this conclusion (Rabinowitz et al., 1984) . Regardless, there are 49 obvious consequences to having low population densities, including difficulties finding a mate 50 (Stephens & Sutherland, 1999 ) and vulnerability to genetic drift (Ellstrand & Elam, 1993) . 51
However, there are many rare species that are adapted to low population densities (de Lange & 52 Norton, 2004; Flather & Sieg, 2007) , and these species persist for long periods of evolutionary 53 time. 54
The persistence of rare species is further challenged when they are obligate partners of 55 specific symbionts. The endangered terrestrial orchid Caladenia huegelii associates with a 56 specific mycorrhizal fungus throughout its range (Swarts et al., 2010) . This specificity between 57 partners has caused C. huegelii to be rare due to the limited suitable environmental conditions of 58 the mycorrhiza. Thus, the strict niche characteristics of one partner in a symbiosis may drive the 59 scarcity of the other. Further, intra-specific diversity in both partners and fidelity of genotype-60 genotype associations can play a role in how the symbiosis responds to changing conditions 61 (Baums et al., 2014b; Parkinson et al., 2015; Parkinson & Baums, 2014) . 62
Because sessile organisms often reproduce by asexual fragmentation, the relative rarity of 63 these species may be obscured by an apparently large census size. Thus, molecular markers are 64 dinoflagellate symbiont was sequenced on the Roche GS 454 FLX+ utilizing the Titanium 133 Sequencing Kit (Roche, one half plate). Raw data is available from Penn State's ScholarSphere 134 (https://scholarsphere.psu.edu/concern/parent/31z40kt37x/file_sets/x6969z327w). See 135 supplement for detail in primer design. After testing primers for successful amplification, host 136 specificity, and variability, 11 markers were retained (Table 1) . These markers were combined 137 into four multiplex reactions (labeled A through D, Table 1 ). However, after conducting preliminary analyses using this set of markers, it became 156 clear that additional markers would be necessary to increase our power of identifying clonal 157 strains. See the supplement for details on de novo primer design and amplification conditions. 158
The combined set of 15 microsatellite markers (Table 2 ) was used to assess clonal and 159 population structure of the algal symbiont. 160
Analysis of Population and Clonal Structure 161
Matching multilocus genotypes were identified using the Data Subset option in 162 GENALEX vers 6.5 (Peakall & Smouse, 2006) . Linkage disequilibrium tests were conducted 163 using GENEPOP ON THE WEB 4.0 (Rousset, 2008) Option 2.1. Tests for Hardy-Weinberg 164 equilibrium were conducted in GENALEX vers 6.5 (Peakall & Smouse, 2006 ) and confirmed 165 using exact tests in GENEPOP ON THE WEB Option 1.1. The probability of identity (PI) describes 166 the power of the microsatellite markers to distinguish closely related colonies (such as siblings) 167 from colonies that are identical because they are the result of asexual reproduction 168 (fragmentation). For the diploid D. cylindrus, PI was calculated in GENALEX vers 6.5. The PI for 169 the haploid symbiont was calculated as the sum of each allele's frequency squared in each 170 population and multiplied across loci. 171
Genotypic diversity indices for the coral host and symbiont, which included genotypic 172 richness, diversity, and evenness, were calculated as in Baums et al. (2006) using the entire data 173 set of multilocus genotypes (including clones). Unique multilocus genotypes were clustered 174 using the program STRUCTURE v. 2.3.4 to estimate the number of different populations of host 175 and symbiont in the dataset (Pritchard et al., 2000) . After initial testing, the admixture model 176 with no location prior was used with correlated allele frequencies. The prior number of 177 populations (K) was set from 1 to 6 with five replicate runs per K, a burnin of 100,000 and 178 1,000,000 Markov Chain Monte Carlo repetitions after the burnin using the package 179 'PARALLELSTRUCTURE' (Besnier & Glover, 2013) in R v3.4 (R Development Core Team 2017). 180
The optimal value for K was identified using the delta K method (Evanno et al., 2005) 181 implemented in the online program STRUCTURE HARVESTER (Earl, 2012) . CLUMPAK was used to 182 identify the consensus of inferred clusters for the different replicates of each K value and to 183 visualize the results (Kopelman et al., 2015) . Additional estimators of the number of optimal 184 populations (posterior probability, MedMeaK, MaxMeaK, MedMedK, and MaxMedK) were 185 applied (Pritchard et al., 2009; Puechmaille, 2016) . Because uneven sampling has been shown to 186 underestimate the true K (Puechmaille, 2016), larger populations were randomly subsampled to 187 create more even sample sizes across the five regions. Global F ST , or the proportion of genetic 188 variation between subpopulations (Wright, 1951) , was calculated using GENODIVE (Meirmans & 189 Van Tienderen, 2004). The F ST value adjusted for the maximum amount of within-population 190 diversity (F' ST ) was also obtained from GENODIVE. The congruence of population structure and 191 clonal reproduction in D. cylindrus and S. dendrogyrum, as well as the extent of clonal 192 propagation, were compared. 193
Analysis of molecular variance (AMOVA) was employed to test hypotheses about 194 population structure of host and symbiont (Excoffier et al., 1992) . Samples were grouped by 195 region (identified using STRUCTURE and the optimal K value) and location (Belize, Florida, Turks 196 and Caicos Islands, USVI, and Curaçao). The AMOVA option in GENALEX vers 6.5 was used to 197 partition genetic variation from a distance matrix between regions and locations, using 9999 198 permutations and assuming an Infinite Allele Model. 199 GPS coordinates for all Florida colonies were used to create a geographic distance 200 matrix, which was compared to the genetic distance matrix for D. cylindrus. Mantel tests of 201 isolation by distance and spatial autocorrelation analyses were conducted in GENALEX vers 6.5. 202
Because of the small number of samples, a finding of no population structure could be 203 due to a lack of power. Thus, simulations were conducted in POWSIM v.4.1 to assess the power 204 of the microsatellite data set to detect low levels of population differentiation. POWSIM 205 estimates the lowest level of differentiation (F ST ) that can be detected in a simulated population 206 with a minimum of 90% accuracy (Ryman & Palm, 2006) . Significance was determined using 207
Fisher's exact test. 208
Population Demographic Modeling 209
The modeling software MIGRAINE v.0.5.2 (http://kimura.univ-210 montp2.fr/~rousset/Migraine.htm) was used to test for past changes in population size in the 211 Florida D. cylindrus population. Samples from other locations were not grouped with Florida 212 because population structure within a dataset yields inaccurate demographic parameter inference 213 (Leblois et al., 2014) . Additional samples were included for this analysis to increase the power of 214 detecting historical population size changes (n=95 total). The null model assuming a constant 215 population size (OnePop) was run to estimate pGSM, which was close to 0.3. This parameter 216 describes the geometric distribution of mutation step size under a generalized stepwise mutation 217 model (GSM), which is most appropriate for microsatellite markers (Leblois et al., 2014) . When 218 we ran the model assuming one past change in population size (OnePopVarSize), we fixed 219 pGSM at 0.3 and inferred the current (2Nµ) and ancestral (2N anc µ) population sizes, as well as 220 the duration of the contraction or expansion event (Dg/2N) and the ratio of current to ancestral 221 population size (N ratio ). We assumed a mutation rate (µ) of 5 x 10 -4 per locus per generation, a 222 value typical for microsatellite loci (Estoup & Angers, 1998) . In addition, we also ran the 223 OnePopFounderFlush model, which assumes two past changes in population size and infers a 224 founder population size (2N founder µ) and two additional population size ratios (N cur N founder ratio and 225 N founder N anc ratio ). Significant population size changes were detected using 95% confidence 226 interval estimates of the population size ratios. If the value 1 (indicating the current and ancestral 227 population sizes were identical) was outside of the 95% confidence interval, then the size change 228 was significant. MIGRAINE uses sequential importance sampling algorithms (De Iorio & 229 Griffiths, 2004a , 2004b to estimate parameters of past demographic changes from population 230 genetic data. We used 2,000 points, 2,000 trees, and four iterations per run for the models with 231 population size changes. The null model was run using 2,000 points, 100 trees, and three 232 iterations. Two independent runs were conducted per model by changing the estimation seed. 233
Additional model settings are included in the supplement (Supplemental Table 2 ). 234
Projected Population Declines 235
Through the course of this study, we witnessed a severe decline in Florida D. cylindrus 236 (Neely et al. in prep) . In Broward County, 86% of the known colonies were lost in two years 237 (Kabay, 2016) . Severe thermal stress events such as this one are expected to occur annually by 238 2016), we would expect to find 210 coral genotypes and 126 symbiont strains. Using our data on 242 the D. cylindrus genotype frequencies and S. dendrogyrum strain frequencies, we can simulate 243 the decline of Florida D. cylindrus with future thermal stress-related disease events. Using the 244 statistical software R, we generated 610 D. cylindrus colonies and assigned each colony a coral 245 genotype and symbiont strain based off of the frequency distribution we observed in our sample 246 of 145 colonies. For simplicity, we only assigned one strain per colony whereas in reality some 247 colonies host more than one strain. Thus, the modeled decline in symbiont diversity may be more 248 extreme then what we would actually see in nature. 249
Because we do not know the actual rate of decline from the most recent thermal stress 250 event, we can simulate three scenarios where 80%, 50%, and 20% of colonies survive each 251 hyperthermal event. This model assumes that there is no sexual reproduction, no establishment 252 of new clonal fragments, and no successful restoration. We also assume that each high 253 temperature event is equally damaging, resulting in the same percent loss of colonies as the 254 previous event. 255
After running 100 simulations for each of the three rates of decline, we identified the 256 number of thermal stress events that would cause local extinction of D. cylindrus in Florida. D. 257
cylindrus was considered to be locally extinct once the average number of colonies (across the 258 100 simulations) remaining after a stress event was below one. 259
260

Results
261
Hardy-Weinberg Equilibrium and Linkage Disequilibrium 262
The 11 de novo microsatellite markers developed for D. cylindrus yielded few deviations 263 from Hardy-Weinberg equilibrium (Supplemental Table 3 ). None of the markers significantly 264 deviated from Hardy-Weinberg in more than one location. Few locus pairs showed significant 265 linkage disequilibrium, and none of the significant deviations was found in all locations. 266
Deviations from Hardy-Weinberg equilibrium could not be tested for the symbiont markers, 267 since S. dendrogyrum is haploid. Tests for linkage disequilibrium between the S. dendrogyrum 268 markers yielded many apparently linked locus pairs. However, this is expected in a species that 269 primarily reproduces asexually within its host, and thus recombination may be rare. Most paired 270 combinations of the symbiont loci were in equilibrium in at least one location, indicating that 271 these markers are not physically linked. Other locus pairs showed significant linkage 272 disequilibrium in just one location, without enough information available in the other locations to 273 discount linkage equilibrium. 274
Genetic Diversity of de novo Dendrogyra cylindrus microsatellite markers 275
The microsatellite markers developed for Dendrogyra cylindrus ranged in allelic 276 diversity from 6 to 15 and in effective allelic diversity from 2.047 to 6.849 (Table 3) . Observed 277 heterozygosity levels ranged from 0.399 to 0.954, expected heterozygosity within subpopulations 278 ranged from 0.533 to 0.888, and total heterozygosity ranged from 0.686 to 0.895 (Table 3 ). The 279 total heterozygosity adjusted for sampling a limited number of populations ranged from 0.724 to 280 0.897 (Table 3 ). The heterozygosity values for all markers were relatively high (closer to the 281 maximum value of 1), indicating high genetic variability for these markers (Table 3) . Inbreeding 282 coefficients for the 11 markers were between -0.19 and 0.361, with most values close to zero 283 (Table 3 ). The new markers differed in their genetic variability, with D15 showing the lowest 284 differentiation across all four measures (Table 3 ). D716 and D48 showed the most variability. 285
Overall, the markers were polymorphic enough to assess clonal and population structure in D. 286
cylindrus. 287
Clonal Structure and Spatial Analyses along the Florida Reef Tract 288
Clonal structure analyses for the coral host revealed that the sampled colonies of D. 289 cylindrus along the Florida Reef Tract were highly clonal within each site. After genotyping 145 290 colonies from 47 different sites, we only found 50 unique multilocus genotypes ( Figure 3 ). The 291
Florida population of the coral host also had low values for genotypic richness, diversity, and 292 evenness ( Figure 3 ). This indicated that within each site, the Florida coral colonies were 293 predominantly the product of asexual reproduction. The host probability of identity values for all 294 sampling regions were less than 1.0x10 -10 , indicating a low probability of misidentifying clones. 295
The probability of identity values for the symbiont were all reasonably low (Waits et al., 2001) , 296 with the exception of the Turks and Caicos Islands region (Curaçao: 0.0036, USVI: 0.015, 297
Florida: 1.5x10 -5 , Belize: 0.003, Turks and Caicos: 0.092). Because sampling was biased towards 298 increasing the number of unique genotypes in all regions except Florida, clonal structure could 299 not be described elsewhere. 300 S. dendrogyrum is haploid, and thus all samples with more than one allele were 301 considered to be multiple infections. There was no spatial pattern in samples with single versus 302 multiple infections along the Florida Reef Tract (Supplemental Figure 1) . These samples were 303 not included in further analyses. After removing samples with multiple infections (n=98) and 304 samples that failed in one or more of the 15 microsatellite markers (n=97), we obtained a subset 305 of samples (n=112) with complete multi-locus genotypes. Only 30 unique genotypes were found 306 in Florida, with most strains confined to single reefs. The values for genotypic richness 307 standardized to sample size (Ng/N), genotypic diversity (Go/Ge), and genotypic evenness 308 (Go/Ng) were all higher in the algal symbiont, compared to the host (Figure 3 ). The richness 309 values were the most similar, indicating that we found a similar number of unique genotypes of 310 host and symbiont relative to the number of samples we genotyped for each species. The values 311 for genotypic diversity were low in both host and symbiont (albeit, slightly higher in the 312 symbiont), demonstrating that both species reproduced mostly asexually within a site. Genotypic 313 evenness was higher in the symbiont relative to the host, meaning that the host population was 314 dominated by relatively few highly replicated genotypes. 315
For the coral host, all of the clonal ramets of the same genet were contained within a 316 single collection site. This indicates limited dispersal abilities of asexual fragments of D. 317 cylindrus. A single coral genet dominated most of our sites, however, three sites had two genets 318 and one site contained three different genets ( Figure 4A ). 319 A test of isolation by distance for D. cylindrus along the Florida Reef Tract (n=50) 320 revealed no significant correlation between genetic and geographic distance (r 2 = 0.0001). Spatial 321 autocorrelation analysis using the complete dataset of D. cylindrus genotypes (including clones) 322
in Florida (n=180) revealed significant positive spatial autocorrelation up to distances of 60 323 meters (Supplemental Figure 2A ). However, when clones were removed, there was no 324 significant spatial autocorrelation (Supplemental Figure 2B) . These results indicate that the cause 325 of the correlation between genetic distance and geographic distance over small distance classes is 326 a result of asexual reproduction, likely via fragmentation, in D. cylindrus. 327
The genotype of the algal symbiont often corresponded with the genotype of the coral 328 host, meaning that all of the ramets of a coral host genet were often symbiotic with the same 329 clonal strain of S. dendrogyrum. There were exceptions to this observation. For example, in the 330 Dry Tortugas, all of the colonies were ramets of the same coral host genet. However, different 331 ramets of this genet associated with two distinct strains of S. dendrogyrum (Figure 4 ). The 332 reverse was also observed, with the same symbiont strain found within different coral genets at 333 different sites. The same symbiont strain was found at both Bahia 3 and Bahia 4, which are 183 334 meters apart and contain corals belonging to different genets. One coral colony at Marker 32-3 335 had the same symbiont strain as the coral colonies at Marker 32-1 (50 meters apart), despite there 336 being different coral genets at these sites. The different coral genets at Hollywood and PC Ledge 337 contained the same symbiont strain as well (3.44 km apart). The same was true for Pompano 1 338 and Pompano Drop-off (1.23 km apart). All of these pairs of sites that share identical symbiont 339 strains are relatively close together ( Figure 5 ). We also sampled the same coral colony in 340 different locations (e.g. top, middle, and base) to assess symbiont diversity. Of the five colonies 341 that were sampled in this way and successfully genotyped, only one contained two different 342 symbiont strains. 343
Population Structure Analyses 344
Strong genetic differentiation between populations was found, with a significant global 345 Figure 6B ). The samples from the Turks and Caicos Islands also appear to be 356 admixed. However, our dataset contained locations that were sampled unevenly. Thus, we 357 randomly selected unique multilocus genotypes to a maximum size of 20 to remove the bias 358 associated with uneven sampling (Puechmaille, 2016) . When Bayesian clustering analysis was 359 completed for this subsampled dataset, all of the K estimators yielded an optimal cluster number 360 of three. The only exception was the ΔK method, which still indicated that there were two 361
populations. An AMOVA corroborated these results, with the largest pairwise F ST value between 362
Florida and Curaçao (F ST =0.184, p-value<0.001) indicating that these populations of D. 363 cylindrus have been separated for a long time. The US Virgin Islands and Curaçao were 364 significantly differentiated, although less strongly (F ST =0.045, p-value<0.001). The Turks and 365 Caicos Islands were equally differentiated from Florida and the US Virgin Islands (F ST =0.046, p-366 value<0.001), further supporting that this is likely an area of admixture. 367
We did not find significant population structure within Florida for the coral host. 368 POWSIM v.4.1 with 1000 simulation runs using the allele frequencies from our host marker set 369 was used to test whether this result was due to a lack of power. Fisher's exact test revealed a high 370 statistical power (1-β=0.97) of detecting an F ST value of 0.0195, and a low type I error rate 371 (α=0.0410). Thus, our sample size of 50 individuals from Florida was adequate to detect low 372 levels of population structure along the FRT if present. 373
Population structure analyses were also conducted for S. dendrogyrum. Only 58 unique 374 genotypes were found, after removing samples with multiple infections and clones. Cluster 375 analysis using STRUCTURE and a consideration of multiple estimators for the optimum number of 376 populations revealed that the likely number of populations in the dataset is between 2 and 4 377 ( Figure 7) . However, there were locations in this dataset that were sampled more intensely than 378 others, and thus we subsampled the locations with the largest sample size to a maximum value of 379 19. Because we found population structure for S. dendrogyrum within Florida, we subsampled by 380 the five regions (i.e. Broward, Upper Keys, Middle Keys, Lower Keys, and Dry Tortugas) and 381 included the only sample from Biscayne. Most of the K estimators indicated that there were 382 likely four populations in the dataset. When the threshold for spurious clusters was set to a strict 383 0.8, some of the K estimators yielded a K of 2. The ΔK method alone indicated that the optimal 384 number of populations was three. An AMOVA for the haploid S. dendrogyrum revealed that the 385 highest amount of between-group variation was between sample locations (ϕ PT =0.520, p-386 value=0.001). 387
These results indicate that the population structure of the algal symbiont did not match 388 the population structure of the host. Notably, there was population structure within the FRT for 389 the symbiont that was not found in the host. Some samples from Florida clustered more strongly Florida are indeed the same species (S. dendrogyrum). Because such a small sample of symbiont 397 strains was included from both Belize and the Turks and Caicos Islands, it is possible that the 398 cluster containing these samples and some Florida samples is an artifact of STRUCTURE 399 (Puechmaille, 2016) . 400
Historical Changes in Pillar Coral Population Sizes 401
Demographic modeling results revealed no evidence for past changes in pillar coral 402 population size. In both the one continuous population size change (OnePopVarSize) and the two 403 population size changes (OnePopFounderFlush) models, the upper limit of the 95% confidence 404 intervals for the ancestral population size (2N anc µ, both models) and the founder population size 405 (2N founder µ, OnePopFounderFlush model only) were undefined. The undefined upper limit meant 406 that many possible population sizes for the ancestral and founder population were equally likely, 407 including population sizes that were both larger and smaller than the 95% confidence interval for 408 the current population size (2Nµ). This was further evidenced by the broad profile likelihood 409 ratios for the ancestral and founder population sizes (Supplemental Figure 3) , and the population 410 size ratios that included the value 1, indicating no significant change. To decide which of the 411 three models best described our data, we used the Akaike Information Criterion (AIC) calculated 412 based on the log likelihood and the number of parameters in each model (Anderson, 2007 However, the differences in AIC between models were very small, and thus it is possible that all 417 three models do not accurately describe reality. Still, the results from the models assuming past 418 demographic events failed to detect significant changes in population size, thus supporting our 419 conclusion of no past changes in D. cylindrus populations. 420
Projected Population Declines 421
The three projected rates of decline yielded a range of times to extinction for D. 422 cylindrus. In the most conservative simulated scenario, where 80% of colonies survived each 423 hyperthermal event, it took 29 stress events for extirpation of D. cylindrus from the FRT. With 424 50% and 20% survival, it took ten and four stress events, respectively, for local extinction to 425 occur. The results from simulations assuming 50% survival are shown in Figure 8 . Because some 426 coral colonies are ramets of the same genet, and these coral ramets often contain clonal strains of 427 Symbiodinium, coral colonies are lost at a faster rate than coral genotypes and symbiont strains 428 propagules differ, with strains of the algae dispersing over somewhat larger scales. Barriers to 434 gene flow were also not congruent between the partners but showed similarities with other coral-435 algal symbioses in the Caribbean. As is often the case for corals (Baums, 2008) , while asexual 436 reproduction was prevalent, no signs of inbreeding were detected in the coral host and allelic 437 diversity was relatively high. Demographic modeling based on molecular data agreed with the 438 geological record that D. cylindrus was historically not a dominant species on Caribbean reefs 439 and yet was able to survive as the sole remaining species in the genus. The forecasted increasing 440 frequency of extreme warm water events in combination with the absence of sexual recruitment 441 in this species project a high likelihood that this species will be the first coral to become locally 442 extinct in the Florida Keys in modern times. The consequences of the loss of rare coral species 443 and their symbionts are unknown but evidence from other ecosystems indicates that loss of rare 444 species can destabilize communities and degrade ecosystem function. 445
Clonal Structure 446
Over short distances (<60 m), Florida Dendrogyra cylindrus colonies were highly clonal 447 and showed positive spatial autocorrelation, indicating that the primary mode of reproduction 448 over this scale is asexual fragmentation (Supplemental Fig 2, Figure 3 ). These clonal structure 449 results are similar to those of the elkhorn coral, Acropora palmata (Baums et al., 2006) Because most sites tended to be occupied by a single coral genotype ( Figure 4A) , it is 464 possible that Florida D. cylindrus are already experiencing an Allee effect, wherein the density of 465 compatible colonies is too low for successful sexual reproduction and population growth 466 (Courchamp et al., 1999) . This study was limited to assess clonal structure in Florida alone, and 467 thus future work should measure genotypic richness, diversity, and evenness in other locations. 468
The Florida population of S. dendrogyrum is also clonal, with the same symbiont strain 469 often (but not always) found in all of the ramets of a coral genet. High fidelity between 470 individual genotypes of symbiotic partners has been found previously in the Caribbean elkhorn 471 coral (Acropora palmata) and its algal symbiont (Symbiodinium 'fitti') (Baums et al., 2014b) . 472
While coral genets were restricted to one site each, five pairs of sites did share symbiont strains. 473
The sites that shared symbiont strains were close together ( Figure 5) . Thus, the symbiont may be 474 able to disperse asexually over larger distances than its coral host, although successful long-475 distance dispersal appears to be rare. A typical fragment dispersal distance for D. cylindrus is 476 less than 60 meters, as evidenced by the spatial autocorrelation analysis (see below and 477 Supplemental Figure 2) . 478
Similarly to the situation in D. cylindrus and S. dendrogyrum, the asexual dispersal 479 ability of Symbiodinium fitti was found to be significantly higher than its coral host, A. palmata 480 (Baums et al., 2014b) . However, the actual asexual dispersal distances for S. dendrogyrum were 481 lower than what was found for S. fitti (greater than 2000 meters). While Symbiodinium cells are 482 constantly being expelled from the coral host, little is known about their free-living stage. 483
Despite similar morphologies, different species of Symbiodinium may differ greatly in their 484 abilities to disperse and infect new host corals. 485
Populations of foundation species with low genotypic diversity are more susceptible to 486 disturbances. Increasing genotypic diversity in plots of the seagrass, Zostera marina, yielded 487 higher resistance to disturbance by grazing geese (A. R. Hughes & Stachowicz, 2004) . High 488 intraspecies variation in crop plants increases plant fitness and agricultural yields, and decreases 489 susceptibility to insect pests (Tooker & Frank, 2012) . In addition, high genotypic diversity 490 confers a greater ability for populations to recover from warm temperature stress events (Reusch 491 et al., 2005) , which are expected to become more frequent with climate change (Stocker et al., 492 2013) . 493
Barriers to Gene Flow 494
Population structure results for D. cylindrus indicate that there are two genetic breaks in 495 the Caribbean, resulting in three populations. The first population includes samples from Florida, 496
Belize, and the Turks and Caicos Islands, the second population includes samples from the U.S. 497
Virgin Islands, and the third population comprises samples from Curaçao (Figure 6 After correcting for uneven sampling effort, the results for S. dendrogyrum population 515 structure revealed four populations in the Caribbean (Figure 7) . S. dendrogyrum strains in both 516
Curaçao and the US Virgin Islands separate as two populations distinct from the rest of the 517 Caribbean. These genetic breaks are in concordance with the breaks observed in the host coral, 518 D. cylindrus. However, there is population structure within the FRT for the algal symbiont, with 519 some Florida individuals clustering with Belize and the Turks and Caicos Islands. A similar 520 incongruence between the population structure of host and symbiont was found in G. ventalina 521 cylindrus as a naturally rare species (NOAA, 2014), and with the rarity of D. cylindrus in the 532 fossil record (see Introduction). Abundance can be high in localized areas, however, due to 533 asexual fragmentation. This suggests that historically, D. cylindrus did not experience a range-534 wide decline since its first appearance in the fossil record during the late Pliocene/early 535 Pleistocene (Budd, 2000) . 536
Through the course of this study, we witnessed a severe decline in Florida D. cylindrus 537 (Neely et al. in prep) . During the summers of 2014 and 2015, water temperatures rose above 538 30.5°C in the Florida Keys (http://coralreefwatch.noaa.gov), triggering a multi-year thermal 539 stress event (Lewis et al., 2017; Manzello, 2015) . After some coral colonies bleached in 2014, 540 many contracted white plague disease (Precht et al., 2016) . This thermal stress-related disease 541 outbreak led to a massive loss of Florida pillar corals (Neely et al. in prep) . Some areas 542 experienced higher mortality rates than others. In Broward County, 86% of the known colonies 543 were lost in two years (Kabay, 2016) . Severe hyperthermal events such as this one are expected What are the consequences of losing rare species? Experimental removal of rare species 567 was shown to reduce ecosystem resistance to invasion by an exotic grass (Lyons & Schwartz, 568 2001) . It is possible that less common species significantly contribute to the proper maintenance 569 of ecosystem function. Rare plant species were shown to more significantly impact nutrient 570 cycling and retention in an alpine meadow compared to more abundant species (Theodose et al., 571 1996) . In a comprehensive study of species occurrence datasets from coral reefs, alpine 572 meadows, and tropical forests, rare species were repeatedly shown to predominantly support 573 vulnerable functions. These vulnerable functions were defined as ecosystem roles with low 574 redundancy, in that uncommon species with distinct trait combinations bolstered these particular 575 functions (Mouillot et al., 2013) . Despite the high diversity in these ecosystems, abundant 576 species did not insure against the services lost by removing rare species. Thus, maintaining these 577 uncommon species is essential to overall community functional diversity. 578
When two rare species are combined in an obligate symbiosis, then the loss of one 579 species would yield coextinction of the other (Koh et al., 2004) . It is possible that D. cylindrus 580 sexual recruits can survive by associating with S. meandrinium in the absence of S. dendrogyrum 581 but the latter has never been found in another coral host species (C. Lewis et al. in prep, A. 582 Lewis et al. in review). It is unknown whether there are free-living strains of S. dendrogyrum. 583
Determining the degree to which the association is obligate for the symbiont and the functional 584 roles of the species in the ecosystem is beyond the scope of this study. Without knowing the 585 ecological function of rare marine symbioses such as the one between D. cylindrus and S. 586 dendrogyrum, it is prudent to assume important ecosystem contributions when forming 587 conservation strategies (Lyons et al., 2005) . and is analogous to F st . ‡The adjustment to this statistic formulated by Nei corrects for sampling a small number of 952 populations (Nei, 1987) . §Hedrick's G' st is standardized relative to the maximum level of differentiation based on 953 the heterozygosity within subpopulations (Hedrick, 2005) . ¶Contrastingly, Jost's measure of population 954 differentiation is independent of the within subpopulation diversity (Jost, 2008) . 
